We suggest that infrared stimulated Raman adiabatic passage, a coherent multiple excitation process, can be used to create a superposition of ͑2J +1͒ highly correlated M-state sublevels of a rigid rotor molecule with vibrational level v and rotational level J. This method employs the ͑v =0,J −2͒ to ͑v =2,J͒ S-branch transition, which is carried out in a counterintuitive manner in which the v =1 to v = 2 transition is pumped prior to the v =0 to v = 1 transition, causing nearly complete population transfer to the v = 2 final level. We use perpendicular and parallel linearly polarized infrared excitation ͑biaxial excitation͒. Specifically, the perpendicular polarization connects the v = 1 intermediate level to the final vibrational level v = 2, and the parallel polarization connects the initial level v = 0 to the intermediate level v = 1. By this means we break the cylindrical symmetry for an ensemble of vibrationally excited molecules in a rovibrational eigenstate ͑v =2,J͒. The angular momentum polarization is determined by the relative phases rather than by the populations of the magnetic M-sublevels. For the phase correlated ensemble, the angular momentum polarization can be considered as a purely quantum mechanical effect. Using a fully general density matrix treatment, we illustrate this approach by considering a beam of carbon monoxide ͑CO͒ molecules. We find that significant polarization for J = 2, 5, and 10 can be achieved with a cw infrared laser source having modest power ͑ϳ100 mW/ mm 2 ͒. We believe that this technique is a general one and may offer an experimentally accessible new platform for different applications, from scattering studies with M-state entangled ensembles of molecules to logic gate operations of a quantum computer.
I. INTRODUCTION
To prepare polarized molecular targets, various linear and nonlinear optical excitation methods have been developed. These include optical pumping via electronic transitions 1 and the dipole-allowed infrared transitions to cause population transfer from ͑v =0,JЉ͒ to ͑vЈ =1,JЈ͒. [2] [3] [4] Although optical pumping may significantly polarize the ground state, it cannot generate polarization in the excited vibrational levels that is often desirable in collision studies. Infrared pumping creates polarization only in the limit of weak excitation ͑low population transfer͒. It is also possible to prepare polarized targets in the excited vibrational level vЈ by stimulated Raman pumping 5 using high-power visible or UV lasers, but again this technique suffers from incomplete population transfer. Another approach is chirped adiabatic Raman passage, 6 which uses the selection rule dependence of the excitation rate on M to create the molecular polarization in the excited level, but this nonlinear optical method demands high power and control on the temporal and spectral shapes of the laser pulses. We should note that in all these methods each M-sublevel acts independently, implying that there are no phase relationships among them. In this case, an optically polarized molecular ensemble follows the classical distribution, determined by the M-state population. 7 We present a different approach involving the preparation of coherently coupled magnetic sublevels in which we control both the population and the relative phase of the interfering M-sublevels. The coherent superposition state is prepared using multiple infrared excitations in a counterintuitive manner via infrared stimulated Raman adiabatic passage ͑IR STIRAP͒. [8] [9] [10] [11] [12] Using this procedure, nearly complete population transfer to v =2,J level is achieved and a timeindependent superposition state is formed for the spatial confinement of the angular momentum vector J. The orientational distribution of J is no longer described only by the relative populations of the M-sublevels. The J-distribution has a purely quantum mechanical character determined by the relative phases of the M-sublevels. Using resonant excitation with elliptically polarized light, Milner et al. 13, 14 have created a similar nonclassical J-distribution in a vibrational ground state. Their preparation of the angular momentum state relies on optically pumping a fraction ͑Ϸ1 / J͒ of the population into a dark state, formed by coherently mixing the magnetic sublevels of the atomic or molecular ground state. The timescale of trapping is determined by the spontaneous emission rate of a lifetime broadened upper rovibrational level. On the contrary, IR STIRAP does not use optical pumping to create a nonclassical J-distribution in a twophoton excited vibrational level. A dark state or a trapped state is prepared from the superposition of the ground and the two-photon excited rovibrational levels. This superposition state is then adiabatically changed using the counterintuitive sequence of optical pulses, aligning it with the target a͒ Electronic mail: zare@stanford.edu. state at the end of excitation, thus achieving nearly complete population transfer. [8] [9] [10] [11] [12] In this paper, we demonstrate how IR STIRAP can be used to create a polarized target by coherently tying together the magnetic M-sublevels of a twophoton excited rovibrational eigenstate within the ground electronic surface.
To appreciate fully the implication of phase correlation, also called the Zeeman coherence, let us consider the case of an S-branch two-photon rovibrational transition ͑v =0,J −2͒ → ͑v =2,J͒, denoted by S͑JϪ2͒, with two resonant -polarized photons. Figure 1 shows the case for J = 2 as the initial state. When both the v =0→ v = 1 and v =1→ v =2 transitions of the vibrational ladder are excited using -polarized parallel light, different M-sublevels are decoupled because of the ⌬M = 0 selection rule. As a result, there are no definite phase relationships among the excitation amplitudes of the individual M-sublevels of the ͑v =2,J͒ rovibrational level. In the absence of any phase relationship between the Zeeman substates, the J-polarization is described by a cylindrically symmetric distribution defined by the nonzero alignment parameter 15, 16 A 0
͑1͒
It can be inferred from Eq. ͑1͒ that in case of saturation or in the case of complete population transfer using STIRAP with two resonant -polarized photons, the uniform population distribution in the excited rovibrational ͑v , J , M͒ levels substantially reduces the molecular alignment. For example, when ͉C M ͉ 2 becomes independent of M in the case of complete saturation with a large rotational quantum number J, A 0 ͑2͒ → 0. The situation corresponds to a spherically symmetric distribution of the rigid rotor axis defined per solid angle element, which is given by
How is molecular alignment altered in presence of Zeeman coherence? To answer this question we consider the case of an S͑J −2͒ transition using combined -and -polarized light as shown in Fig. 2 for J = 2. Here a phase correlation is established between all the magnetic M-sublevels both in the upper as well as in the intermediate rovibrational levels by the Raman-type coupling of the + ͑red͒ and − ͑yellow͒ circularly polarized photons. The phase entangled circularly polarized field components may be derived from an orthogonal linearly polarized ͑biaxial͒ or from an elliptically polarized light source. In this case, the amplitude C M of the Zeeman sublevel M in the two-photon excited level ͑v =2,J͒ includes the interference of two channels involving the and a + or a − photon. The combination of parallel and perpendicular excitation creates an entangled state for the twophoton-excited molecular ensemble by coherently tying together the M-sublevels of the ͑v =2,J͒ rovibrational level. For such an ensemble, the cylindrical symmetry is broken, creating a higher spatial order for the angular momentum J-polarization described by a set of alignment parameters A 0 ͑2͒ ͑J͒ and A Ϯ2 ͑2͒ ͑J͒ ͑Refs. 15 and 16͒
where ͑M͒͑MϮ2͒ J represents the coherence between the magnetic sublevels M and M Ϯ 2 of the final rovibrational level. Equivalently, we might describe the spatial distribution of the rigid rotor axes defined per solid angle element by
C M C N ‫ء‬ is the ensemble averaged correlation of the Zeeman amplitudes and defines the density matrix element MN J . Note that in the absence of Zeeman coherence, the ensemble averaged terms C M C N ‫ء‬ = 0 for M N. From Eqs. ͑3͒ and ͑4͒, it can be seen intuitively that even in the presence of complete saturation or complete population transfer approaching a uniform Zeeman distribution ͉͑C M ͉ 2 being independent of M͒, there can be substantial polarization for the angular momentum J and a corresponding strong anisotropy in the rigid rotor axes distribution. The molecular polarization arises from the interference term, the second term on the right hand side of Eq. ͑4͒, which is proportional to the nonzero value of the off-diagonal density matrix elements MN J = C M C N ‫ء‬ . The entanglement of M-sublevels, however, substantially complicates the IR STIRAP dynamics. In general, for the S͑J −2͒ transition there are 6J − 3 quantum levels involved in the dynamics of IR STIRAP. For the successful STIRAP operation, a zero ͑or more technically a near zero͒ eigenvalue adiabatic eigenstate 10 of the ͑6J −3͒ ϫ ͑6J −3͒ Hamiltonian must be formed from the superposition of the M-sublevels of the ground and excited states for a given choice of the optical polarization. Under excitation by a delayed sequence of infrared pulses applied in a counterintuitive fashion, such an eigenstate will adiabatically carry the entire ͑or more technically almost the entire͒ ground-state population to the final excited state. It is important to realize that in the presence of degenerate magnetic sublevels, the evolution of the adiabatic eigenstates becomes sufficiently complex to limit the population transfer as expected in an ideal STIRAP for a nondegenerate three-level system. In the presence of degenerate eigenstates, even using counterintuitive sequence of Stokes and pump pulses, it is impossible to prepare the system in a single adiabatic eigenstate that perfectly matches with the ground state at the beginning of the interaction and connects to the target state at the end of the interaction. Moreover, in the absence of a single ground state, the initial alignment of the zero eigenvalue adiabatic eigenstate with the ground magnetic sublevels ͑incoherent superposition͒ will not be perfect. Previously, Bergmann and co-workers 17 considered the relatively simpler case of an S͑0͒ transition in the rotating wave approximation ͑RWA͒ using the Schrödinger representation. This is the situation of a nondegenerate ground state which can be perfectly aligned with the adiabatic eigenstate to allow complete population transfer to the two-photon target state. We have used a density matrix analysis to describe the S͑0͒ STIRAP with combined parallel and perpendicular transition. 8 With increasing values of J, in the presence of the interference of excitation channels, it becomes difficult, if not impossible, to inspect or to analytically determine the amplitudes and phases of all the 2J + 1 magnetic sublevels. Using a graphical technique, 18 we develop a comprehensive density matrix treatment to describe the multidimensional STIRAP for an arbitrary rotational quantum number J. The density matrix approach has the advantage of describing the dephasing phenomena arising either from the finite interaction time, or the finite laser bandwidth, or both. A numerical analysis is used to determine the desired adiabatic eigenstate, the Zeeman coherence, the population transfer, and the angular momentum polarization.
The theory is applied to isolated carbon monoxide ͑CO͒ molecules in a molecular beam using the delayed infrared pulse excitation in a counterintuitive sense. We find that using a modest laser powers significant ͑Ͼ90%͒ population transfer and alignment is possible in the presence of a strong phase entanglement for J =2,5,10. For high-J states, the population transfer is limited owing to the quantum interference but is still quite large.
II. DENSITY MATRIX TREATMENT
We denote the initial level by ͑v =0,JЉ͒, the intermediate level by ͑v =1,JЈ͒, and the final level by ͑v =2,J͒. We consider an S͑JЉ͒ transition using a ẑ and a x linearly polarized light resonantly tuned to the and transitions. The ẑ-and x-polarized optical fields can be expressed as follows: 
͑6͒
where ͑JM͒͑J Ј M Ј ͒ ͑͒ is the slowly varying Fourier amplitude of the optically driven coherence at frequency . The density matrix amplitude ͑JM͒͑J Ј M Ј ͒ ͑͒, representing the coherent superposition of the quantum states ͑JM͒ and ͑JЈ , MЈ͒ at frequency , is created by the sum and difference frequency mixing of the interacting optical fields. For example, the Zeeman coherence ͑M͒͑MЈ͒ J at = 0, representing the coherent coupling of the M-sublevels in a given J state, is created by the difference frequency mixing of the circularly polarized optical fields − and + at frequency S In presence of the optical fields, the equations for the slowly varying Fourier components of the density matrix are derived using a diagrammatic technique. 18 Figures 3 and 4 show the typical interaction diagrams that are used to derive equations for the slowly varying density matrix elements involved in the v =0→ v = 2 transitions. Figure 3 
Figures 3 and 4 and similar interaction diagrams are used to derive the following equations for the off-diagonal density matrix elements: Table I offers definitions of the various terms in Eqs.
͑7͒-͑16͒.
For IR STIRAP, we are interested in transitions for which the two-photon resonance condition is met, i.e., ͑ P + S ͒ − 20 = 0, and the near or complete resonance is maintained for the intermediate transitions, i.e., S Ϸ 21 and P Ϸ 10 . In Sec. III, we integrate Eqs. ͑7͒-͑16͒ numerically in the presence of the counterintuitive sequence of infrared pulses such that the pulse at frequency S Ϸ 21 is applied before the pulse at frequency P Ϸ 10 . The population transfer and molecular alignment in the final level with J =2, 5, and 10 is calculated using CO in a molecular beam as the test sample.
III. POPULATION TRANSFER AND ALIGNMENT OF CO MOLECULES USING IR STIRAP
Given the collision-free ambience of a supersonic molecular beam, we ignore the dephasing of the induced coherence for an interaction time of ϳ1 or 2 s. For simplicity, we also neglect the laser linewidth and assume perfect single-photon and two-photon resonance conditions. A Gaussian optical field of the form E͑t͒ = exp͓−͑t / P ͒ 2 ͔ is assumed. The pulse length P is determined by the transit time through the cw laser beam, i.e., P = w / v, where w is the beam waist and v ͑ϳ1000 m / s͒ is the supersonic speed of the molecule. In this study we assume a laser beam waist w Ϸ 1 mm, consistent with the interaction time of ϳ1 s. We have taken the vibrational dipole moment of CO for the ͑v =0→ v =1͒ transition to be 01 = 0.106 D and for the ͑v =1→ v =2͒ transition to be 12 = 0.144 D using 2004 HITRAN ͑High Resolution Infrared Transmission͒ data. 19 For an S͑J −2͒ transition from ͑JЉ = J −2͒ → J, the Rabi frequencies are given by
where E Ϯ = ϯ E S / ͱ 2 are the amplitudes of the phase correlated circular fields + and − as defined in Eqs. ͑5a͒ and ͑5b͒. It is assumed that E S and E P both have the Gaussian temporal profile of width ϳ1 s. A MATLAB program is used to integrate Eqs. ͑7͒-͑16͒ for an arbitrary rotational angular momentum J.
The total population of a rovibrational level ͑vJ͒ is given by 12 Complex detuning for the ͑v =1,JЈ͒ → ͑v =2,J͒ transition. ⌫ 12 Dephasing rate for optical coherence ͑J Ј M Ј ͒͑JM͒ between the intermediate and the final level.
Complex detuning for the ͑v =0,JЉ͒ → ͑v =1,JЈ͒ transition.
Dephasing rate for optical coherence ͑J Љ M Љ ͒͑J Ј M Ј ͒ between the ground and intermediate levels.
Complex detuning for the ͑v =0,JЉ͒ → ͑v =2,J͒ transition.
Dephasing rate for the optical coherence ͑J Љ M Љ ͒͑JM͒ between the ground and the final rovibrational levels.
␥ m
Dephasing rate for the sublevel coherence of the intermediate and final levels which is assumed to be the same for all sublevels. This is also the dephasing rate for the molecular polarization.
The second-order alignment parameters A 0 ͑2͒ and A Ϯ2 ͑2͒ are used to obtain the spatial distribution for the angular momentum polarization, which is given by 12, 13 P͑,͒ = 1 4
From Eq. ͑19͒ it can be seen that the parameter A 2 ͑2͒ is responsible for breaking the cylindrical symmetry for the spatial distribution of the angular momentum J. In the following, we show that the alignment parameter A Ϯ2 ͑2͒ becomes most important for the molecular polarization in high-J states. The results of the numerical calculations are presented in Figs. 5-7 for CO ͑v =2, J = 2, 5, and 10͒. The simplest case of an S͑0͒ transition corresponds to J = 2 with four interacting quantum levels. Figure 5͑a͒ shows complete population transfer to the level ͑v =2, J =2͒ using a delayed pulse sequence in the counterintuitive sense, where the resonant optical field E S ͑ S ͒ for the ͑v =1, JЈ =1͒ → ͑v =2, J =2͒ transition is applied prior to the optical field E P ͑ P ͒ coupling the ͑v =0, JЉ =0͒ → ͑v =1, JЈ =1͒ transition. For the pulse duration P =1 s, the optimum delay between the pulses is 1 s. 8 A peak vibrational Rabi frequency ⍀ S = ⍀ P = 01 E P / ប = 1.2 MHz is used corresponding to a pulse area ⍀ P Ϸ 7.5 rad at a laser power of ϳ30 mW/ mm 2 . The pulse area fulfills the adiabatic following condition ⍀ ӷ 1 for the adiabatic eigenstate of the RWA Hamiltonian representing a four-level molecular system. It should be noted that the orientation or M-dependent Rabi frequencies and the pulse areas for and transitions are scaled by the appropriate orientational factors, the ClebschGordan coefficients, which are included in the calculation. Figure 6͑a͒ shows the final Zeeman population distribution in the final rovibrational level v =2, J = 2 at the end of the pulse sequence. Figure 7͑a͒ shows the three-dimensional polar plot of the angular momentum polarization obtained with two perpendicularly polarized laser beams propagating along the ŷ-axis. The quantization ẑ-axis is oriented along the polarization direction of the optical field tuned to the ͑v =0, JЉ =0→ v =1, JЈ =1͒ transition. The alignment parameters for the S͑0͒ transition are found to be A 0 ͑2͒ Х −0.5 and A Ϯ2 ͑2͒ Х −0.6, which is in agreement with our previous study on a four-level molecular system. 8 This validates the generalized density matrix treatment and the numerical analysis for the arbitrary values of J.
The STIRAP dynamics for an S͑3͒ transition involves 27 different quantum levels. The ground and the intermediate levels are connected using the transitions, while the intermediate and final levels are coupled by the transitions. Figure 5͑b͒ shows that approximately 94% population transfer can be achieved using a vibrational Rabi frequency of ⍀ = 1.8 MHz at a laser power of ϳ67 mW/ mm 2 . Increasing the Rabi frequency or the laser power does not increase the population transfer. As it is seen also for J = 10, the maximum population transfer in a STIRAP process with highly degenerate rotational states is influenced by the quantum interference of excitation channels. In an N-type interaction, the Zeeman coherence couples the excitation channels affecting the optical transition between the intermediate and final levels. The quantum interference in an N-type interaction is well studied in relation to the electromagnetically induced transparency and absorption. [20] [21] [22] Although the Zeeman coherence limits the population transfer in a highly degenerate STIRAP process, it becomes the key player in inducing sig- nificant polarization for the vibrationally excited molecular ensemble. Figure 6͑b͒ shows the Zeeman population distribution and Fig. 7͑b͒ shows the three-dimensional polar plot of the angular momentum polarization. The calculated alignment parameters are A 0 ͑2͒ = −0.19 and A Ϯ2 ͑2͒ = −0.35. The ratio A 2 ͑2͒ / A 0 ͑2͒ increases as we involve more coupled levels with higher rotational quantum number J, which implies a stronger azimuthal confinement. Lastly, we consider the angular momentum polarization in the v =2, J = 10 rovibrational level using an S͑8͒ IR STI-RAP process involving 57 quantum levels. Figure 5͑c͒ shows that under suitable condition using a vibrational Rabi frequency ⍀ = 2.2 MHz and a cw infrared power of 100 mW/ mm 2 per laser beam, a maximum of ϳ92% population is transferred to the ͑v =2, J =10͒ level. Increasing the laser power does not improve the population transfer as the limit arises from the interference of quantum pathways, which depends mostly on relative phases rather than amplitudes. Figure 6͑c͒ shows the Zeeman population distribution in the final level. It is very interesting to note that the Zeeman population is almost uniform resulting in an alignment parameter A 0 ͑2͒ = −0.07. However, there is substantial spatial confinement of J caused by the Zeeman coherence expressed by the alignment parameter A Ϯ2 ͑2͒ = −0.27. Figure 7͑c͒ shows the three-dimensional polar plot of the angular momentum distribution, i.e., the J-polarization. The role of the Zeeman coherence becomes even more spectacular when we consider the IR STIRAP process for J = 20. The calculation yields the alignment parameters A 0 ͑2͒ = −0.003 and A Ϯ2 ͑2͒ = −0.24, suggesting stronger squeezing of the J-polarization in the x-direction. For J = 20, as much as 91% of the population can be transferred to the ͑v =2, J =20͒ rovibrational level using a laser power of ϳ200 mW/ mm 2 . In the STIRAP literature, [9] [10] [11] it is often claimed that 100% population transfer occurs. This statement is true in the absence of coupling between different M-sublevels, for example, for two parallel -polarized transitions ͑Fig. 1͒. As shown above, this statement is not completely correct in general. For IR STIRAP with -polarized and Ϯ -polarized photons, the N-type interactions between the M-sublevels prevent complete population transfer, although the population transfer remains large.
IV. DISCUSSION
In this work, we have shown that Zeeman coherence ͑M-sublevel entanglement͒ creates significant molecular polarization. Using the infrared STIRAP with ẑ-and x-polarized light, a highly correlated superposition of magnetic sublevels is created for an ensemble of vibrationally excited molecules in the rovibrational eigenstate ͑v =2,J͒. For the molecular ensemble, the angular momentum polarization is determined by the relative phase rather than by the population distribution of the M-sublevels. For the phase correlated ensemble, the angular momentum polarization can be considered as a purely quantum mechanical effect.
IR STIRAP simultaneously achieves ͑1͒ Nearly complete population transfer to a single rovibrational eigenstate ͑v =2,J͒, ͑2͒ M-state entanglement of the vibrationally excited molecules, and ͑3͒ Angular momentum polarization arising from the entanglement.
To describe the coherence and interference in IR STI-RAP interaction for a molecular ensemble with an arbitrary rotational quantum number J, we have developed a comprehensive density matrix treatment. We have numerically studied the IR STIRAP dynamics and the angular momentum polarization by considering the excitation of CO molecules in a supersonic molecular beam with a sequence of delayed infrared pulses applied in a counterintuitive manner. We find that the population transfer in this IR STIRAP process for a highly degenerate quantum system is influenced by the M-sublevel ͑Zeeman͒ coherence. For J = 10, a maximum population transfer of 92% is obtained at a laser power level of 100 mW/ mm 2 . Because the limit on the population transfer arises from the quantum interference of excitation channels, it cannot be removed or improved by increasing the optical power. In the presence of almost uniform population distribution, the angular momentum distribution is nevertheless polarized and the extent of polarization arises essentially from the phase correlation of the M-sublevels.
We believe that the IR STIRAP offers a general and a practical way for creating polarized molecular targets. It should also be appreciated that IR STIRAP can be used to climb higher in the vibrational ladder to create entanglement and alignment for a molecular ensemble in highly excited vibrations levels, such as v = 4 level or greater, although this requires several coherent infrared beams to operate together.
